We present a study of some features of a two-dimensional hole gas confined in a Si/Si 1Ϫx Ge x /Si/SiO 2 structure when the external applied gate bias is varied. From the framework of the effective-mass theory, and applying the semiaxial approximation to separate the 6ϫ6 Luttinger Hamiltonian into two 3ϫ3 matrices, we calculated the hole density profile and the band structure. This enabled us to evaluate, in an iterative process, the Poisson and Schrödinger equations until convergence was achieved, obtaining the above-mentioned results for a discretional angle in the k x -k y plane, and thus including the warping. We identified in this way the influence of the different technological parameters which determine the behavior of the device, in particular, through the determination of a unique effective mass. We conclude that the utility of this kind of device lies more in the possibility of modifying the band structure due to the strain introduced than in the fact of being able to confine carriers in the Si 1Ϫx Ge x channel. Accurate calculation of the band structure is, therefore, needed and although simpler simulations can qualitatively model some features of the device, a complete study as described in this article must be carried out in order to obtain better insight into the physics of the system.
I. INTRODUCTION
During recent years there has been considerable interest in studying the features of devices which contain SiGe in their structure: a good review can be found in Whall and Parker. 1 With new advances in technology, research now involves the implementation of these devices, and thus experimental work on p-channel metal-oxide-semiconductor structures has been published. [2] [3] [4] [5] [6] [7] These studies encourage us to consider the practical application of such structures in the near future, mainly in situations where low-power consumption and high speed is required ͑optoelectronics receivers, portable electronics, etc.͒. 8 One of the advantages that these devices provide is an increment of the hole mobility with respect to conventional Si devices. 9 The improvement of hole mobility has been explained by the following factors:
͑1͒ SiGe has the same crystallographic structure as Si but its lattice constant is larger, by 4.2% for pure Ge: this is the cause of biaxial compression in the SiGe layer or of tension in the Si layer, depending on the particular structure. In both of them a deformation in the band structure is produced which yields a diminution of the effective mass in the more densely packed bands.
͑2͒ Confining carriers far from the Si/SiO 2 interface reduces the surface scattering that can be very significant in these devices.
͑3͒ The incorporation of Ge itself leads to better hole transport because hole mobility is greater in Ge than in Si.
Experimental advances have been accompanied by some analytical models 10, 11 and by simulations that attempt to explain the hole transport in the substrate [12] [13] [14] [15] and the hole confinement in SiGe wells. 16 The purpose of this article is to carry out a study of the Si/SiGe/Si/SiO 2 structure under various bias gates, Ge molar fractions, and thickness of the layers that constitute the device. We have self-consistently solved the Poisson and Schrödinger equations and, using the k"p model, we have included the six bands of the valence band, thus incorporating the strain and the warping effect into our simulations. We have also taken into account the continuity of the wave function and of the probability current density. In this way, we have calculated the carrier profile and a unique effective mass, which should be the one used in simpler models of parabolic and isotropic band structure.
The outline of the remainder of this article is as follows: in Sec. II we describe the model, Sec. III presents the results of our simulation, and finally, some conclusions are given in Sec. IV.
II. EFFECTIVE-MASS CALCULATIONS
To accurately model the semiconductor physics we have solved in an iterative process both the Poisson and the Schrödinger equations. The former was calculated using a Newton method for each point of the space grid and for the latter we used the effective-mass model that describes the valence-band structure of a strained bulk semiconductor.
To do so, we used the semiaxial approximation, 21 which makes it possible to block diagonalize the whole Hamiltonian if there is no strain or if it is produced by a lattice mismatch along the z direction, yielding the next Hamiltonian:
where kϭ(k x ,k y ,k z ) is the wave vector, ␥ 1 , ␥ 2 , and ␥ 3 are the Luttinger parameters, i j (i, jϭx,y,z) is the symmetric strain tensor, a v and b are deformation potentials, ⌬ is the split-off energy, E v is the valence-band edge that includes the discontinuity between silicon and silicon-germanium, k ʈ is the magnitude of (k x ,k y ) and is the angle of this vector with the k x axis. This approximation saves a great deal of calculation time while retaining the information about the warping of the band structure in the k x -k y plane.
In the case we study in this article, the strain is produced by a lattice mismatch along the z direction. In this situation
where a S and a L are the lattice constants of the substrate and the layer material, and C 11 and C 12 are the stiffness constants.
When an external voltage is applied in the z direction, the equation that must be solved is
where F n,kʈ (z) is a 6ϫ1 vector containing the components of the envelope function, I 6ϫ6 is the identity matrix of order 6, q is the absolute charge of the electron, and V(z) is the potential profile caused by the external applied voltage. Thus, Eq. ͑4͒ must be solved self-consistently with the Poisson equation in an iterative process until convergence is achieved. After the last iteration we have access to the carrier density,
where f FD is the Fermi-Dirac distribution function and
where
With respect to the boundary conditions, the continuity of the probability density and the current density across an arbitrary boundary must be ensured. This is done by imposing the continuity condition on in which n is the normal vector to the boundary and J is defined as
where D i j ␣␤ are the coefficients of the effective-mass tensor. 17 Once hole confinement has been calculated with this complete method we are able to evaluate a unique effective mass to be used in simpler models that consider the band structure constituted by parabolic and isotropic bands. To do so we have developed two alternative processes:
͑1͒ By assuming an effective mass for each subband. In fact, if the hole density provided by the different subbands is calculated, the effective mass that corresponds to that confinement level can be evaluated by
where Pin n is the nth subband hole density as obtained from the complete model, En(min) is the minimum of the band structure for the n subband, E lim is the maximum energy taken into account in the quantum calculation, and E F is the Fermi level. Then, an average effective mass can be obtained for the whole valence band:
͑2͒ By considering a unique effective mass in the band structure, i.e., E(k x ,k y )ϭប 2 k ʈ 2 /2m*, in this case, and taking into account the spin factor, m* can be evaluated by
͑11͒
Now Pin is the hole density of the whole band.
III. RESULTS
In this section, we present the results obtained from our simulations. For the sake of simplicity the energy is plotted as positive. The parameters used in this work are given in Table I , in which the notation is the same as that in Sec. II.
The Si 1Ϫx Ge x parameters were calculated by lineal interpolation, the discontinuity of the valence band in the Si 1Ϫx Ge x thickness was modeled as 0.74 times the molar fraction, 23 and the band gap was evaluated by 
͑12͒
The oxide thickness t ox was fixed at 5 nm and the temperature was taken as 300 K.
The structure used is shown in Fig. 1 , where we can observe that when an external field is applied, two channels ͑in the Si layer and in the SiGe layer͒ are created. As the voltage increases it can be seen that the Si layer hole density becomes greater while that of SiGe decreases. Furthermore, the voltage increment is mainly noted in the band edge corresponding to the former. This means that for high external fields the device presents a similar behavior to conventional Si metal-oxide-semiconductor transistors. Consequently, it is interesting to study the ratio of the charges stored in the two channels, Q Si /Q SiGe . Figure 2 is a representation of this magnitude as a function of the difference between the external applied voltage and the flatband voltage V GS -V FB for different layers thickness t Si and t SiGe and molar fractions (xϭ0.2 and 0.4͒. It can be observed that the results are practically independent of the SiGe layer thickness for both values of x. Nevertheless, it shows a notable behavior with t Si : the ratio changes close to one order of magnitude from t Si ϭ5 nm to t Si ϭ10 nm. Furthermore, the greater the molar fraction, the lower is Q Si /Q SiGe due to the deeper well pro- duced by the addition of germanium. From Fig. 2 it is evident that, except for low voltages, the charge is mainly confined in the Si layer. This indicates that the use of this type of structures might be of great benefit if the molar fraction is large while t Si is maintained small or in applications in which the voltage is less than 2.5 V.
One of the most illustrative ways to investigate the physics and, therefore, the future utility of a device is by observing its band structure. Figure 3 shows this for t Si ϭ10 nm, t SiGe ϭ10 nm, and two molar fractions (xϭ0.0 and xϭ0.4) along the direction defined by ϭ27°. Pinv is 3.5 ϫ10 12 cm Ϫ2 . We observe a strong coupling among the subbands that can originate the existence of cross points, as happens between the first and second subbands for xϭ0. 4 . It is also observed that as the molar fraction increases, a sharper curvature is obtained for the lower-order subbands. This should lead to a diminution of the effective mass.
In order to verify this assessment we used Eqs. ͑9͒ and ͑11͒. In fact, Fig. 4 was calculated by using Eq. ͑11͒. The purpose of this graphic is to study the behavior of the effective mass with the doping level. A similar pattern is observed in all the range of Pinv in such a manner that m* has a value of 0.45-0.5 times the electron mass for low-density levels but varies notably to practically double those values for high densities. Nevertheless, differences can be established for the different concentrations of impurities: it has been obtained that the greater the value of N D the smaller is the effective mass until Pinv is in the range 10 10 -10 11 cm Ϫ2 ; however, for FIG. 5 . Effective mass calculated by using Eq. ͑9͒ ͑a͒ and Eq. ͑11͒ ͑b͒ as a function of Pinv for different structure parameters. This graphic shows the important reduction in the effective mass obtained by the incorporation of germanium into the device, in particular, for low hole densities. We also observe the role played by t Si and t SiGe : the effective mass is more sensitive to the former. . The decrease of the minimum produced by the incorporation of germanium into the structure originates sharper curvatures of the subbands.
FIG. 4.
Effective mass calculated by using Eq. ͑11͒ as a function of Pinv for different doping levels. The simulated structure corresponds to t Si ϭ7 nm, t SiGe ϭ10 nm and xϭ0.2. The plots indicate that as N D increases, the effective mass is higher for significant hole densities.
high Pinv values the relation is inverted, i.e., a higher N D is reflected as a higher value of the effective mass.
In Fig. 5 we intend to determine how the geometrical parameters and the molar fraction influence m*. Figure 5͑a͒ was obtained by using Eq. ͑9͒ and Fig. 5͑b͒ with Eq. ͑11͒. Although the values provided by the former are always greater that those by the latter, a high degree of similarity between the two is evident. This similarity can be understood in a double sense: the values of the effective masses and the shapes of the plots. A marked reduction of the effective mass, as we noted in the comments to Fig. 3 is obtained by incorporating germanium within the device. A reduction from a value of about 0.7-0.8 times the electron mass to 0.25-0.3 can be achieved for lower-density levels by simply increasing the molar fraction. On the other hand, as the molar fraction is lowered, the effective mass is observed to behave in a more constant way. Thus, we can take a constant value for almost all the range of Pinv if xϭ0, a situation that is quite different when germanium is incorporated. The figures show that, as in Fig. 4 , m* depends on Pinv, mainly in the strong inversion region. This is due to the more important role of the Si layer at such hole density levels, as shown in Fig. 2 . Thus, as the charge is confined within this layer, the effective mass presents a value closer to that of conventional metal-oxide-semiconductor field-effect transistor structures. Figure 5 also shows the influence of t Si and t SiGe on the shapes. The independence of t SiGe has been obtained, i.e., the plots that correspond to t Si ϭ10 nm, t SiGe ϭ5 nm have a very similar aspect to those corresponding to t Si ϭ10 nm, t SiGe ϭ10 nm when both Eqs. ͑9͒ and ͑11͒ are used and for x ϭ0.2 and xϭ0.4. Nevertheless, t Si is revealed to be of great importance: if we observe the plots corresponding to x ϭ0.2, the reduction of the effective mass with smaller t Si is evident. When this graphic is compared to Fig. 2 , it is evident that the greater the charge stored in the Si layer, the greater is the effective mass. This result confirms again that the whole structure ͑the effective-mass parameter is only meaningful when the whole device is considered͒ is strongly affected by the introduction of germanium near the oxide.
IV. CONCLUSIONS
A complete study of a Si/Si 1Ϫx Ge x /Si/SiO 2 structure has been carried out into the framework of the k•p model including the six bands of the valence band and incorporating strain and warping effects. Our results reveal that the advantages of using this kind of device are derived from the possibility of modifying the band structure due to the strain introduced rather than the fact of being able to confine carriers in the Si 1Ϫx Ge x channel. For this reason, precise calculation of the band structure is needed and although simpler simulations can qualitatively model some features of the device, a complete study, as described here, must be carried out in order to calculate hole transport.
